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Introduction
Direct-injection of fuel to combustion chamber for gasoline engines has been considered as one of the major technical improvements on fuel economy in gasoline engines, to which the port fuel injection has been traditionally associated. The potential benefits of the direct-injection spark ignition (DISI) gasoline engines include improved fuel economy, transient response and more precise air-fuel control [1] . The merit of the DISI on fuel economy is achieved by engines operating under unthrottled mode. With unthrottled intake air across the whole range of the engine operation conditions, the fuel preparation system should be able to produce stoichiometric fuel/air mixture around the spark plug tip under any speed and load prior to ignition. Under the full engine load, homogeneous fuel/air mixture is required in the whole combustion chamber, whereas under a low-or part-load, a stratified fuel/air mixture is needed at stoichiometric around the spark plug, even though the overall air-fuel ratio is lean with the wide open throttle and a reduced fuel mass flow rate.
The 'first generation' DISI engines were based on the wall-guided combustion design concept with swirl pressure atomisers being used in the injection systems [2] . Recent research on DISI engines has been on sprayguided strategy using a new generation fuel injection system with either central or side fuel injection [3] . The major advantage of the spray-guided configuration is that fuel impingement on the piston crown is not a designed feature for redirecting fuel mixture towards the spark plug. Fuel impingement on the wall surface in the combustion chamber may give rise to high soot formation as a result of incomplete evaporation or fuel film formation of the fuel impingement.
A swirl type injector produces conical sprays with increased surface area between fuel spray and air.
However it is not suitable in the DISI engines, as the stratified fuel mixture requires late injections during the compression stroke when the back-pressure in the engine cylinder is high. The spray stability of a swirl injector can be impaired by the injection back-pressure, leading to a complete collapse of the spray structure when fuel was injected at a high back-pressure or during the compression stroke [4, 5] . Current injectors used in DISI engines are high-pressure multi-hole injectors or the new generation of piezoelectric pintle-type injectors for their stable fuel sprays with small fuel droplets independent of the injection timing in an engine cycle. Multi-hole injectors have been used in diesel injection systems which operate at a much higher injection pressures than the gasoline injectors. Injection pressure of a gasoline injector is commercial available up to 200bar and in a recent study a diesel injector was used to inject gasoline fuel at 1000bar injection pressure in order to deliver the required fuel mass flow in a shorter time scale and with better atomisation [6] . The number of injection exits of multi-hole injectors and their layout can be made to offer the flexibility in adapting the spray pattern layout to a particular combustion chamber design. The investigation on multi-hole injectors for gasoline engines has confirmed the improved spray stability in terms of spray cone angle compared to the swirl injectors [7] [8] [9] [10] [11] [12] [13] [14] . In addition to the spray characteristics studies, experimental investigation has also been carried out inside injectors, demonstrating the complicity of in-nozzle flow caused by cavitations that in turn influence the stability of sprays exiting the injectors [15] [16] [17] .
The key to success and also the challenge in DISI engines is to prepare fuel/air mixture towards the spark plug over the full range of engine operating conditions, as the fuel/air mixing process is influenced by many time dependant variables. In this study, a follow up of the previous study [11] by the same authors, the planar laser induced fluorescence technique is used to study the in-cylinder fuel concentration distribution generated by a high pressure multi-hole injector with the effect of the in-cylinder air charge motion, the coolant temperature of the engine cylinder head and the fuel injection pressure under the two main injection strategies, i.e. the homogenous charge mode and the stratified charge mode. The engine configuration and experimental techniques for the present experiments are described in the following section, the results are presented and discussed in section 3, and the paper ends with a summary of the most important findings.
Experimental set-up

Engine design
The engine used in this study was a single cylinder research engine designed for optical measurement [11, 12] . It had 4-valve pentroof cylinder head with the injector and the sparkplug closely spaced using the sprayguided injection strategy for stratified fuel formation.
The optical engine setup is shown in Figure 1 and the engine configuration is summarized in Table 1 . As shown in Figure 1a , a valve has been installed before the front intake valves and after the throttle valve. This Swirl Control Valve (SCV) generates the in-cylinder swirl flow by re-direct intake air towards one of the two intake valves. The SCV was controlled manually from fully open to fully close using an external gauge controller. When the SCV was fully open, the cylinder head generated high tumble flows, the tumbling vortex ratio in steady flow (TVRo) were measured to be 1.38 and 1.7 for 1000 and 1500 rpm, respectively, in the steady flow rig test [12] . There were two fused silica windows at the front and the back of the pentroof on the cylinder head and the top part of the engine cylinder liner was also made of fused silica (Figure 1b and 1c) . The piston crown was flat with a fitted circular optical window to allow additional optical access. At TDC the top of the piston reached the gasket between the cylinder head and the optical liner. The orientation of the injector and the spark plug was in the longitudinal arrangement ( Figure 1d) ; the line of the spark plug and the injector was in the middle of the pentroof between the intake and the exhaust valves. The hole for inserting the spark plug on the cylinder head, offset from the cylinder centre, was inclined so that the protruding spark plug tip was close to the centre of the cylinder and at the depth close to the TDC. The injector axis was about 5° with respect to the vertical cylinder axis to allow fuel being injected towards the centre of the cylinder from the injector at an offset location on the cylinder head. During LIF measurements, the spark plug was replaced by a blank plug flush with the pentroof A data acquisition card (NI PCI-6024E) was used for engine diagnostics.
The engine was also equipped with a conventional port injection system, which was essential for the calibration purpose in the LIF technique, which provides quantitative information on the fuel concentration distributions in the direct injection system in this study.
The injector used in the direct injection system was a symmetrical six-hole injector. The standard fuel supply system was used comprising a fuel tank, a low fuel pressure electrical pump (12 volts), a high fuel pressure pump (driven by an electrical motor), a common rail equipped with a pressure regulator and a pressure gauge. Fuel was delivered to the injector via a high pressure fuel hose between the common rail and the injector. 
PLIF System
A schematic diagram of the PLIF setup for the horizontal planar measurements is shown in Figure 3a and its optical setup is shown in Figure 3b . A laser beam was produced by a Spectra Physics Lab-170 Nd:YAG laser operating at 8.3 Hz repetition rate in the external trigger mode, corresponding to engine speed of 1000 rpm. At the frequency-quadrupled wavelength of 266nm, the maximum energy was 92 mJ per 10 ns pulse duration. The laser beam was split into two beams by a 50/50 beam splitter. Two sets of laser sheet forming optics were used to produce two laser sheets overlaying on each other. Each set of the optics consisted of a 600 mm focal length spherical lens and a 6x cylindrical telescope (-25mm and +150mm focal length lenses). Each of the two laser beams was formed into a slightly diverging laser sheet covering approximately 70 mm width, which is the observation area through the circular quartz window on the piston crown. The laser sheets were focused at the centre of the combustion chamber with a thickness of about 0.1 mm. The two horizontal overlapped laser sheets entered the combustion chamber from two opposite directions. Lighting from two sides instead of one reduced the effect of light attenuation caused by fuel sprays. The combined laser sheet was located at a height either above the engine gasket using the pentroof windows, as the optical path, or below the engine gasket through the optical liner. The fuel used in PLIF study was a mixture of 80% iso-octane (with density, kinematic viscosity and surface tension of 690kg/m 3 , 0.74cSt and 0.0189N/m, respectively) and 20% 3-pentanone (with density, kinematic viscosity and surface tension of 816kg/m 3 , 0.57cSt and 0.0253N/m respectively) by volume. Pure isooctane is optically transparent at 266nm wavelength, therefore a fluorescence tracer with well defined fluorescence properties is required for optical diagnostics. 3-pentanone is one of the widely used fluorescence markers for fuel distribution measurements in iso-octane, because of its strong fluorescence and little sensitivity to oxygen quenching. Its physical properties in terms of density and boiling temperature are close to those of isooctane; its fluorescence properties are well studied and documented [19] . Evaporation rate of 3-pentanone in the mixture with iso-octane depends on the concentrations of the two liquids. Davy et al [20] demonstrated that 3-pentanone in low concentrations evaporate faster than isooctane, when the two are mixed. However increasing the concentration of 3-pentanone affects the atomization process; and the fuel/tracer mixture has a significant lower viscosity, which leads to reduction in mean droplet diameter. For the measurements presented here, a mixture of 20% by volume 3-pentanone concentration added to the base fuel was used as a compromise between achieving an azeotrope mixture and retaining the atomization characteristics of the base fuel.
The fluorescence signal from 3-pentanone was captured at 90 degrees to the laser sheet, through a 45° mirror below the window on the piston crown, using a DiCAM-Pro PCO 12bit intensified CCD camera, of 1024x1240 pixels spatial resolution. A Nikon f/2 135mm lens was used together with a 365-435nm band pass filter for signal detection. 3-Pentanone absorption band lies from 220nm-340nm and broadband emission spectrum lies from 350nm-550nm; peaks at 420-440nm. The band pass filter was used to filter out any light from elastic scattering and fluorescence at other wavelengths. ISCV the intensity of each pixel of the resultant image is proportional to the local exciting laser intensity and the molecular concentration of fluorescence tracer. With a homogeneous fuel distribution, the intensity variations in the LIF image show the intensity profile of the laser sheet. The mass flow rate of fuel and the mass flow rate of air were measured with a fuel metering system and an air drum respectively, which allowed the molecular concentration of fuel and the equivalence ratio of the homogeneous air-fuel mixture field to be accurately determined. In this study, the mass flow rate of fuel was set to achieve the stoichiometric air-fuel ratio or the equivalence ratio of 1 in the port injection. This provided a calibration factor for calibrating the fuel molecular concentration of vaporized fuel when injected directly in the engine cylinder. LIF images captured in the direct injection tests were normalized by the calibration image at the same crank angle and under the same engine running conditions using the following expression:
where R is the single shot LIF image of the fuel distribution from the GDI injector under investigation, B is the mean of the background images obtained from the motored engine with no fuel injected, L is the mean of the homogeneous fuel field images created by injections during induction in the intake manifold, and L B is its mean background image of the calibration. The constant c was determined by the ratio of the laser intensities and the imaging parameters between the test and its calibration. The imaging parameters include the camera lens aperture, intensifier gain of the camera and the light reduction coefficients of neutral density filters used to reduce light intensities before reaching the intensifier in the camera. The processed images of the 3-Pentanone fluorescence images, D show the relative fuel concentration distributions inside the cylinder, normalised by the fuel concentration in the calibration. As the calibration condition is stoichiometric and homogeneous over the investigated area under the same engine condition as in the test, the normalised test LIF images are the ratio of fuel concentration between the test and that under stoichiometric condition. It is stoichiometric when the ratio is 1. Rich or lean mixture areas are the regions where the ratio is more than or less than unity respectively.
The pressure dependence of 3-Pentanone excited at 266nm has been reported to be minimal (~3%/MPa) and the temperature dependence to be linear and lower at 266nm than at other wavelengths (-11%/100K) [21] , which is of particular importance in the tests in firing engines. In addition, the tests and the calibration were carried out at the same crank angle and under the same engine operation conditions, any temperature or pressure dependence of the LIF intensity is significantly reduced if not completely eliminated. Under the motorised test conditions, the effect of fluorescence intensity as a function of the engine crank angle was found insignificant [12] . Shot-to-shot laser energy variations and camera shot noise were minimized by averaging images over 20 consecutive cycles.
LIF images of fuel spray in liquid phase were processed in the same way using equation (1) in order to correct the visual bias in spray visualization caused by the laser profile. Table 2 lists the test conditions presented in this paper. The overall air-fuel ratio was stoichiometric in the tests of homogeneous charge mode. The injection duration was kept as 1 ms for the stratified charge mode, resulting an overall lean air-fuel ratio. 
Results and discussion
The results of LIF measurements are presented in three parts. The LIF images for homogeneous charged operation are presented and discussed first followed by the LIF images by stratified lean mixture. Finally, LIF measurements at the end of injection will be presented and discussed.
Mean LIF images for homogeneous charge operation
In the homogeneous charge operation, fuel was injected early in the intake stroke when the intake valves were open. The intake air flow increased the mixing of fuel with air and the time duration for mixing fuel and air increased as the start of injection moved towards earlier crank angles.
In the direct injection homogeneous charge mode, fuel was injected at ATDC 60°CA. A further analysis of spatial deviations of fuel distributions was carried out by using the spatial standard deviation (SSD), which provides information on the degree of homogeneity under each measured condition of figures 5-7. In brief, the spatial standard deviation is the square root of the average of the squared deviations, where the deviation is the difference between a local fuel concentration and that of the spatial mean fuel concentration. The spatial standard deviation is prone to the imaging background noise. Both systematic and random noise resulted in a higher level of the spatial standard deviation than what was caused by the stratification of the fuel distribution. Therefore the SSD was only calculated over the mean LIF images in figure   5 -7 to reduce the contribution from the random noise of the measurements and the cyclical variations of fuel injections. It was found that the systematic background noise was not negligible and it varied in the measurements, therefore the absolute value of the spatial standard deviation is not a direct measurement of the homogeneity, the systematic background noise has to be taken into account when using the spatial standard deviation to compare homogeneities under various test conditions.
The estimated SSD of the mean fuel distributions of Fig.5 confirm the visual observations regarding the homogeneity under different conditions. The mean values of the mean images were found to be 1.0 in both the swirl and the tumble mode and at both imaging CA angles. The spatial standard deviation in swirl mode was found to be 11% at ATDC 300°CA and reduced to 8% at ATDC 320°CA, whereas in the tumble mode it was 8%
at ATDC 300°CA and reduced to 7% at ATDC 320°CA, suggesting slightly better homogeneity with tumbling charged motion. When the coolant temperature increased from 40°C to 90°C, regardless of crank angles, a shift in the spatial fuel mixture is evidence so that while the mixture of the normalised fuel concentration were similar, but slightly richer at the top and the bottom of the images and leaner mixtures around central region than that at 40°C. It should be pointed out that the small area on the top with high values exceeding 1.6 may be a result of a systematic measurement error, therefore should be discarded. For this reason, the spatial standard deviations were calculated over a smaller area of 80% of the overall diameter in order to avoid the contribution from those erroneous areas. The spatial standard deviation of the mean image was slightly reduced from 9% at ATDC 330°CA to 8% at ATDC 348°CA with the swirl charge motion while in the tumble flow it was found to be around 9% at both of the two crank angles indicating no significant changes with the time delay -similar observations as that at the coolant temperature of 40°C. The effect of the higher coolant temperature was evident in the swirl charge mode, as the change in homogeneity between 330°CA and ATDC 348°CA is lower at 90°C than that at 40°C; an evidence of better evaporation at the higher coolant temperature. In the mean LIF image at ATDC 348°CA, the normalised fuel concentration was more spread out in the cylinder. The change in the spatial standard deviation of the mean image was evident from 13% at ATDC 330°CA down to 9% at ATDC 348°CA in the swirl flow at the coolant temperature of 40°C, indicating that the time delay is a major factor to achieve homogeneity at this temperature.
Compare to the fuel distribution with the injection pressure of 70bar under the same condition of swirl flow, 40°C coolant temperature and at ATDC 348°CA, the spatial standard deviation of the mean image was reduced from 10% at 70bar to 9% at 120bar injection pressure; a moderate improvement in homogeneity at the higher injection pressure.
Under the tumble flow condition at the coolant temperature of 40°C, the spatial standard deviation of the mean image was found to be 10% at ATDC 330°CA and 9% at ATDC 348°CA, indicating small improvement in stratification with the tumble flow compared to the swirl flow at ATDC 330°CA, while the level of stratification was similar at ATDC 348°CA in both the swirl and the tumble charge motion with the injection pressure of 120bar. Comparing the two injection pressures of 70bar and 120bar under the same condition of tumble flow and 40°C coolant temperature, the spatial standard deviation of the mean image at ATDC 348°CA was reduced from 11% at 70bar to 9% at 120bar injection pressure; again a moderate improvement in homogeneity at the higher injection pressure.
When the coolant temperature increased to 90°C, regardless of the crank angles and in-cylinder air flow conditions, the mean mixture distributions were similar to what observed with the fuel injection pressure of 70bar. The spatial standard deviations, calculated over an area of 80% of the overall diameter, were found to be around 8% at the two crank angles of ATDC 330°CA and ATDC 348°CA and in both swirl and tumble flow charge motions. The increased injection pressure from 70bar to 120bar reduced the spatial standard deviation by 1%, except for the swirl flow at ATDC 348°CA where no change was observed.
Overall, these results show that under homogeneous charged operation mixture homogeneity can be slightly improved by the higher injection pressure. As for the coolant temperature, the fuel distribution at ATDC 330°CA became much closer to the homogeneity level found at ATDC 348°CA with the higher coolant temperature, indicating an enhanced evaporation at the higher coolant temperature.
Mean LIF images for stratified lean operation
In the stratified lean operation, fuel was injected at ATDC 300°CA with the injection duration of 1ms during the compression stroke in this study. The LIF images presented in figures 8 and 9 were taken at injection pressures of 70 bar and 120 bar, respectively, at 2 mm below cylinder head gasket close to the spark plug tip; the locations of spark plug and injector are also identified on the images. The previous study [12] showed that under the tumble air flow condition, the axial and the swirl mean velocities were measured 2.3~1.7Vp and -0.5~-0.2Vp respectively during 260CA and 300CA, at the centre of 10.25mm axial plane and 12.25mm axial plane below TDC at 1000 rpm. And corresponding RMS values were measured 1~0.7Vp and 1.2~0.7Vp. The mean tumbling/swirl velocity values were much smaller than those during early induction which may suggest that the injected spray pattern during the compression stroke can be less affected by the charged air motion. Figure 8 shows the LIF images, one mean image and three single shot images, at ATDC 330°CA and 348°CA with fuel injection pressure of 70 bar. Single images in Fig. 8 show the cycle to cycle changes of the fuel distribution in the cylinder, which were stratified and random. To compare the effect of air motion and the coolant temperature, only the mean distributions were considered in the following discussion. At 40°C coolant condition, the fuel at ATDC 330°CA was concentrated at the far right of the image in the swirl mode; while in the tumble mode, the fuel was better distributed through the whole area of the cylinder with a small rich fuel mixture positioned at the upper right area. As crank angle increased to 348°CA, although the stratification was reduced, a rich fuel concentration area still existed at the middle right part of the image in the swirl charge mode, whereas the fuel concentration was much more evenly distributed in the middle and upper side of the image in the tumble charge mode. The desirable mixture distribution is that the normalised fuel concentration to be 1 at the centre of the cylinder where the spark plug tip is positioned.
At the coolant temperature of 90°C, fuel evaporation is more evident than that at the lower coolant temperature when comparing the mean images at the two temperatures at ATDC 330°CA. As the crank angle increased to ATDC 348°CA, against the trend, higher fuel concentrations were found than those at ATDC 330°CA. The fuel distribution was highly stratified in three dimensions. Although the time delay reduces the degree of stratification, the spatial stratification in the observing plane may increase at a later time due to the movement of the fuel plum in the cylinder. Comparison between the tumble mode and the swirl mode at ATDC 348°CA at the coolant temperature of 90°C shows the fuel concentration levels at the centre of the cylinder were actually similar in the two air flow conditions, although the locations of their high fuel concentration regions in the cylinder were found to be different as mentioned above for 40°C. Overall, under stratified charged operation, better fuel mixture distributions have been achieved under the higher injection pressure and the higher coolant temperatures which suggest that for better combustion management higher injection pressure is desirable to improve the combustion process further with less emission.
However, higher injection pressure leads to higher spray penetration which can result in fuel spray impingement with adverse consequences on emission. The penetration can be controlled by using multiple injections strategy which can utilise higher injection pressure to achieve better stratification. This strategy relays on fine control on amount of fuel injected using smaller injection periods which, in turn, depends on the injector capability of producing repeatable sprays at much lower injection periods; this is possible at least with piezo injectors where the delay time in needle opening is much shorter. Further investigation is required to quantify fuel distribution under multi-injection at higher injection pressure.
LIF images at EOI
LIF images at the end of injection were taken at ATDC 300CA + 1ms. The multi-hole injector had 6 equally spaced nozzle holes. Figure 10 shows the distribution of the six fuel jets from the injector inclined at 5° with respect to the vertical cylinder axis on the horizontal plane 2 mm below the cylinder head gasket. No quantitative data could be obtained from the LIF images of the spray in the liquid phase. The LIF images for spray visualisation were processed in the same way using equation (1) In case of the coolant temperature of 90C, the cross-section areas of the fuel jets reduced significantly, which shows the effect of evaporation to the liquid fuel jets. In spite of the reduced liquid jet volumes with the increased coolant temperature, the swirl flow still caused the deformation of the spray jets and the patterns were much similar as in the lower coolant temperature at the injection pressure of 70bar, whereas at the higher injection pressure of 120bar, the enhanced atomization and evaporation associated with higher injection pressure reduced the effort of the swirl flow on merging the two adjacent spray jets mentioned above. In the tumble flow condition, at the coolant temperature of 90C, the tumble flow did not have so much effect on the formation of the sprays; and the increase in the injection pressure from 70bar to 120bar reduced the liquid jet volumes slightly.
From above discussions, it can be concluded that the swirl flow promoted the merger of two spray jets and deformation of some spray jets, but the tumble flow had little effect on spray formation. The increased coolant temperature improved the evaporation of fuel droplets which were shown as the reduced cross-sectional areas of the spray jets on the planar LIF images.
Conclusions
Spatial fuel distributions of a high pressure 6-hole multi-hole injector at homogenous and stratified charge modes were investigated in an optical engine using PLIF technique. The results were obtained at an engine speed of 1000rpm and the effects of in-cylinder charge motions, the engine coolant temperature and the fuel injection pressure were investigated. The most important findings are summarised below:
1. At the homogeneous charge mode, the evolutions of fuel mixture were slightly different in the swirl and the tumble flow condition, but the final fuel distributions were similar ATDC 348°CA close to the ignition time, especially when the coolant temperature was 90°C.
2. At the homogeneous charge mode, higher injection pressure improved the homogeneity slightly in both the swirl and the tumble flow conditions. It is evident that the higher coolant temperature enhances fuel evaporation, as shown by the reduction in homogeneity between the two imaging crank angles.
3. With the late injection at ATDC 300°CA, the fuel mixture was stratified at ATDC 348°CA. The fuel concentrations were of similar values at the centre of the cylinder, i.e. the location of the spark plug tip, although rich and lean regions in cylinder were completely different in the swirl and the tumble flow conditions. The tumble flow condition has proved to be slightly more effective than the swirl flow for the stratified charge operation.
4. The patterns of the spatial fuel distribution were little affected by increasing the fuel injection pressure or the coolant temperature. However, the levels of fuel concentration were found to be reduced with the increase in the coolant temperature at the injection pressure of 120bar, but not at 70bar for the late imaging angles of 330°CA and 348°CA.
5. Under the higher injection pressure and the coolant temperature, better mixture distribution has been achieved with the stratified charged operation suggesting a better and cleaner combustion can be obtained at higher injection pressures and higher coolant temperatures.
6. At the end of injection, the results showed that the air motion in the swirl flow condition has more pronounced effect on the spray jets formation/development than that in the tumble flow condition and that the cross-sectional areas of spray jet plumes reduced due to the evaporation of the fuel droplets when the coolant temperature was raised from 40°C to 90°C. Tables   Table 1 Engine specifications.   Table 2 Experimental conditions.
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